Rapalogs only block one component of the pathway (mTORC1), and newer agents are under preclinical and clinical development that can target different and often multiple protein kinases in the PI3K AKT mTOR pathway. Most of these agents have been tolerated in early-phase clinical trials. A number of PI3K inhibitors are under investigation. Of note, most of these also target other protein kinases. Newer agents are under development that target both mTORC1 and mTORC2, mTORC1 and PI3K, and the triad of PI3K, mTORC1, and mTORC2. Preclinical data suggest these dual-and multi-kinase inhibitors are more potent than rapalogs against many of the aforementioned hematologic malignancies.
Two classes of AKT inhibitors are under development, the alkyl-lysophospholipids (APLs) and small molecule AKT inhibitors. Both classes have agents currently in clinical trials. A number of drugs are in development that target other components of the pathway, including eukaryotic translation initiation factor (eIF) 4E (eIF4E) and phosphoinositide-dependent protein kinase 1 (PDK1). Finally, a number of other key signaling pathways interact with PI3K AKT mTOR, including Notch, MNK, Syk, MAPK, and aurora kinase. These alternative pathways are being targeted alone and in combination with PI3K AKT mTOR inhibitors with promising preclinical results in pediatric hematologic malignancies. This review provides a comprehensive overview of the abnormalities in the PI3K AKT mTOR signaling pathway in pediatric hematologic malignancies, the agents that are used to target this pathway, and the results of preclinical and clinical trials, using those agents in childhood hematologic cancers.
The investigation and use of drugs that target signaling pathways in malignancies has grown exponentially since the discovery of imatinib, a BCR-ABL tyrosine kinase inhibitor that has revolutionized the treatment of chronic myelogenous leukemia (CML) and Philadelphia chromosome positive (Ph+) acute lymphoblastc leukemia (ALL) in children. [1, 2] One pathway that has been studied extensively in a large number of conditions is the phosphatidylinositiol 3-kinase (PI3K) AKT mammalian target of rapamycin (mTOR) signaling pathway. This evolutionarily conserved signaling pathway has key roles in cell growth, survival, and metabolism. It is aberrantly activated in a number of malignant and non-malignant diseases, which has led to preclinical studies and clinical trials investigating compounds that target the various components of the pathway. Drugs that target mTOR were the first to be studied, showing remarkable efficacy in a number of conditions. Subsequently, drugs were developed that can target PI3K and AKT as well as a number of intermediates in the PI3K AKT mTOR signaling pathway, including agents that target individual protein kinases and drugs that target multiple kinases in the pathway. [3, 4] Clinical trials investigating a number of agents are ongoing in pediatric ALL, lymphoblastic lymphoma, fibromatosis, and neuroblastoma, as well as a variety of childhood sarcomas, brain tumors, and lymphoproliferative disorders. In addition, there are promising preclinical data demonstrating activity of different agents against acute myelogenous leukemia (AML), CML, and a number of lymphomas. For a number of these malignancies the real promise of these pathway inhibitors is their ability to overcome chemotherapy resistance and synergize with existing cytotoxic therapies.
The aim of this review is to describe the efficacy and toxicity of agents that target the PI3K AKT mTOR signaling pathway in childhood hematologic cancer. PubMed was the main search engine used; keywords employed were 'children', 'mTOR', 'PI3K', 'AKT', 'cancer', 'leukemia', 'lymphoma', 'hematologic', and 'lymphoproliferative'. In addition, each therapeutic agent described in the text was searched in combination with the keywords 'children' and 'cancer'. Clinicaltrials.gov was also searched using the same search terms. Finally, the 2010 American Society of Hematology and 2011 American Society of Clinical Oncology annual meeting abstract search engine websites (www. hematology.org and www.asco.org, respectively) were searched using the same terms. All searches were limited to Englishlanguage articles. Abstract references were only included if they provided important information on recent and ongoing clinical trials. References were chosen based on their relevance to pediatric hematologic cancer. Adult data are presented where there are insufficient pediatric data.
Phosphatidylinositiol 3-Kinase (PI3K) AKT Mammalian Target of Rapamycin (mTOR) Signaling Pathway
The PI3K AKT mTOR signaling pathway is involved in a diverse number of cellular functions, including transcription, translation, cell-cycle progression, apoptosis, and metabolism (figure 1). PI3Ks are a family of related enzymes first described in the 1980s by Lewis Cantley and colleagues in a number of seminal papers that demonstrated viral oncoproteins needed an association with a lipid kinase (PI3K) for transformation. [5, 6] Fig. 1 . PI3K AKT mTOR signaling pathway. Growth factor or ligand binding to a receptor tyrosine kinase, including IGF-1R, PDGFR, or EGFR, leads to activation of IRS-1 which upregulates and activates PI3K by removing the inhibition of the regulatory (p85) subunit on the catalytic subunit (p110). PI3K can also be directly activated by RTK or RAS. After activation, PI3K phosphorylates PIP 2 to make PIP 3 . PIP 3 recruits PDK1 and AKT to the cell membrane. PDK1 and mTORC2 phosphorylate and activate AKT. PTEN negatively regulates AKT activation by converting PIP 3 to PIP 2 . Activated AKT can regulate cell growth and protein synthesis by activating mTORC1 through TSC1 2. AKT can stimulate cell-cycle progression by modulating cell-cycle inhibitors (p27 kip1 through FOXO and GSK3) and cell-cycle stimulators (cyclin D1 and c-Myc). AKT can also regulate programmed cell death by inhibition of FasL, BIM, or BAD, and by degradation of p53 through MDM2. mTOR can form two distinct complexes, mTORC1 and mTORC2. mTORC1 is composed of mTOR, GbL, Mlst8, PRAS40, and raptor. mTORC2 is composed of mTOR, GbL, mSIN1, and Rictor. mTORC1 can regulate protein synthesis and cell-cycle progression through phosphorylating p70S6 kinase (S6K1) and 4E-BP1. mTORC1 also facilitates the elimination of the p27 kip1 through interactions with p34cdc2, allowing cell-cycle progression by cdks which can phosphorylate Rb. Arrows represent activation. Lines with circles represent inhibition. 4E-BP1 = eIF4E binding protein; BAD = BCL-2-associated death promoter; BIM = BCL-2-interacting mediator of cell death; cdks = cyclindependent kinases; EGFR = epidermal growth factor receptor; eIF = eukaryotic initiation factor; FasL = fas ligand; FOXO = Forkhead box O proteins; GSK3 = glycogen synthase kinase 3; GbL = G protein b subunit-like; IGF-1R = insulin-like growth factor-1 receptor; IRS-1 = insulin receptor substrate-1; MDM2 = mouse double minute 2; Mlst8 = mammalian lethal with sec-13; mSIN1 = mammalian stress-activated protein kinase-interaction protein 1; mTOR = mammalian target of rapamycin; p27 kip1 = cyclin-dependent kinase inhibitor kip1; p34cdc2 = cyclin-dependent controlling kinase p34; PDGFR = platelet-derived growth factor receptor; PDK1 = phosphoinositide-dependent protein kinase 1; PI3K = phosphatidylinositiol 3-kinase; PIP 2 = phosphatidylinositol-4,5-biphosphate; PIP3 = phosphatidylinositol-3,4, 5-triphosphate; PRAS40 = proline-rich AKT substrate of 40 kDa; PROTOR PRR5 = protein observed with Rictor-1 Proline-rich protein 5; PTEN = phosphatase and tensin homologue deleted on chromosome 10; RAS = a GTPase; Rb = retinoblastoma protein; RTK = receptor tyrosine kinase; TSC1 2 = tuberous sclerosis 1 2 complex.
PI3Ks are important for cell growth, metabolism, and survival. Their primary biochemical function is to phosphorylate the 3-hydroxyl group of phosphoinositides. [7] The PI3K family is divided into three classes (I, II, III) based on structure and function. Class I PI3Ks are the most studied, as they are the class involved in malignant transformation and in cellular growth and metabolism. [8] The roles of classes II and III PI3Ks are less clear; however, data suggest class II PI3Ks are involved in membrane trafficking, and class III PI3Ks may be involved in autophagy. [9] Class I PI3Ks are subdivided into subtype A and B based on their activation. Class IA PI3Ks are activated by receptor tyrosine kinases (RTKs), G-protein coupled receptors, and RAS (a GTPase). Class IB PI3Ks are activated by G-protein-coupled receptors only. [7, 8] Class IA PI3Ks are the family member subtype involved in the PI3K AKT mTOR signaling cascade, whereas class IB PI3Ks are primarily involved in immune function and inflammation. [7] Class IA PI3Ks are heterodimers consisting of a catalytic subunit (p110) and a regulatory subunit (p85). [10, 11] Each subunit can be encoded by three different genes: (i) regulatory, PIK3R1 (encodes p85a isoform), PIK3R2 (p85b), PIK3R3 (p85g); and (ii) catalytic, PIK3CA (p110a), PIK3CB (p110b), and PIK3CC (p110d). [9, 12, 13] A primary method of activation for Class IA PI3Ks is growth factor or ligand binding to a RTK, including insulin-like growth factor (IGF)-1 receptor, plateletderived growth factor receptor, and epidermal growth factor receptor. The ligand-engaged RTK binds PI3K, removing the inhibition of the regulatory subunit on the catalytic subunit. [14, 15] After activation, PI3K phosphorylates phosphatidylinositol-4,5-biphosphate (PIP 2 ) to make phosphatidylinositol-3,4,5-triphosphate (PIP 3 ). PIP 3 recruits phosphoinositide-dependent protein kinase 1 (PDK1) and AKT to the cell membrane and is an important mediator of early signaling events. [16] PDK1 and mTORC2 (discussed later in this section) phosphorylate AKT, thereby activating it. [7, 8, 17] PI3K is negatively regulated by S6K1, as well as phosphate and tensin homologue deleted on chromosome 10 (PTEN), which converts PIP 3 to PIP 2 .
AKT is a serine threonine kinase that functions as an important regulator of cell growth, survival, and glucose metabolism. For full activation, AKT is phosphorylated at threonine-308 and serine-473 by PDK1 and mTORC2, respectively. The AKT family consists of three isoforms (AKT1, 2, and 3). AKT1 is the isoform most involved in regulating cellular survival and protein synthesis. [18] AKT2 is primarily involved in glucose transport through the insulin signaling pathway. [19] The function of AKT3 is poorly defined and this isoform is mostly limited to nervous system tissue. [18] AKT can phosphorylate over 100 different substrates. AKT regulates cell growth and protein synthesis by activating mTOR through tuberous sclerosis 1 2 complex (TSC1 2). AKT stimulates cell-cycle progression by modulating cell-cycle inhibitors, including cyclin-dependent kinase inhibitor kip1 (p27 kip1 ), through the FOXO family of Forkhead transcription factors, and glycogen synthase kinase 3 (GSK3), and cell-cycle stimulators, including cyclin D1 and c-Myc. AKT can regulate programmed cell death by inhibition of Fas ligand (FasL), BCL2-associated death promoter (BAD), BCL-2-interacting mediator of cell death (BIM), or BCL-2-associated X-protein (BAX), and degradation of p53. [20, 21] Finally, either directly or indirectly, AKT regulates NF-kB (through IkB kinase), RAF, and c-JUN N-terminal kinase (JNK). [22] mTOR is a serine threonine kinase that regulates cell growth, survival, and metabolism. It does so by regulating ribosomal biogenesis, protein translation, expression of metabolismrelated genes, and amino acid uptake, as well as increasing cellcycle transit time, and inhibiting apoptosis and autophagy. [23] [24] [25] [26] [27] mTOR is activated by a number of signaling pathways, including PI3K AKT, as well as RAS, BCR-ABL, and (T-cell leukemia lymphoma 1 (TCL1). [28, 29] mTOR can form two distinct complexes, mTORC1 and mTORC2.
[30] The mTORC1 complex is composed of mTOR, G protein b subunit-like (GbL), mammalian lethal with sec-13 (Mlst8), proline-rich AKT substrate of 40 kDa (PRAS40), and regulatory-associated protein of mTOR (RAPTOR).
[30] The mTORC2 complex includes mTOR, GbL, mammalian stress-activated protein kinase-interaction protein 1 (mSIN1), rapamycin-insensitive companion of mTOR (RICTOR), and protein observed with Rictor-1 Proline-rich protein 5 (PROTOR PRR5). [30] The main targets of activated mTORC1 are S6K1 and 4E-BP1. [23] Activated S6K1 induces 5 0 terminal oligopyrimidine (TOP)-translation and ribosomal biosynthesis, and blocks apoptosis through BAD. S6K1 can also downregulate insulin receptor substrate-1 (IRS-1), resulting in feedback downregulation of the mTOR pathway.
[31] Through phosphorylation of eukaryotic translation initiation factor (eIF) 4E binding protein (4E-BP1), mTORC1 regulates cap-dependent protein translation.
[32] When 4E-BP1 is phosphorylated by mTORC1, it is released from eIF4E, allowing eIF4E to associate with eIF4G and form the eIF4F translation initiation complex. The eIF4F complex is important for the cap-dependent translation of a number of proteins, including c-Myc and cyclin D1. [33] mTORC1 also interacts with cyclin-dependent controlling kinase p34 (p34cdc2) to eliminate the cyclin-dependent kinase inhibitor p27
kip1 , resulting in cell-cycle progression under the regulation of cyclin-dependent kinases.
[33,34] In con-trast, mTORC2, in concert with PDK1, activates AKT by phosphorylation.
PI3K AKT mTOR Signaling in Cancer
Dysregulation of the PI3K AKT mTOR signaling pathway is a common event in a number of adult and pediatric malignancies. The dysregulation can be intrinsic to the signaling pathway or as a consequence of mutations in pathways that can activate or regulate the PI3K AKT mTOR pathway, including activating mutations in Fms-like tyrosine kinase receptor (FLT3), N-or KRAS, and c-Kit tyrosine kinase receptor.
[ [35] [36] [37] Activating mutations in PI3K subunit genes PIK3CA and PIK3R1, and inactivating mutations in PTEN are common in a wide variety of malignancies, including colon, breast, liver, ovarian, leukemia, brain tumors, melanoma, prostate, thyroid, and lymphoma. [38] [39] [40] [41] Gain of function mutations in all three AKT genes have been identified in adult malignancies, including breast, colon, melanoma, and ovarian. [7, [42] [43] [44] No mutations have been identified in any AKT isoform in childhood cancer; however, chromosomal gains amplifying the AKT1 gene have been described recently in rare cases of childhood AML, T-cell ALL, and gliosarcoma.
[45-47] Amplification of eIF4E, S6K1, and cyclin D have been reported in adult cancers, including breast and mantle cell lymphomas but not in pediatric tumors. [48] [49] [50] [51] mTOR-specific mutations in human cancer are extremely rare, with only two reported cases in adult carcinomas. [52] 3. Agents that Target PI3K AKT mTOR Table I summarizes agents that target the PI3K AKT mTOR pathway. The majority of these will be discussed in the text with focus on agents undergoing investigation in hematologic malignancies.
Rapalogs
Rapalogs are the first class of agents targeting the PI3K AKT mTOR signaling pathway that were used to treat human malignancies. The first rapalog investigated in the clinical setting was sirolimus (rapamycin).
[53] Sirolimus is a macrocyclic lactone isolated from Streptomyces hydroscopicus. It was originally isolated on Easter Island, also known as Rapa Nui, hence its trade name. Sirolimus is most commonly used to suppress the immune system and prevent rejection after kidney transplant; however, it is also used as an immune suppressant after other organ (liver, heart, and lung) and bone marrow transplants.
[ [54] [55] [56] [57] [58] [59] Sirolimus and other rapalogs associate with binding protein FKBP12, primarily blocking the mTORC1 complex with little to no activity against the mTORC2 complex.
[60] Newer secondgeneration small molecule inhibitors of mTOR kinase that target both mTORC1 and mTORC2 (mTORC1 2 inhibitors) are under development (see section 3.2). It was not until 2002 that it was realized that mTOR could associate in two functionally distinct complexes and that rapalogs could not normally directly disrupt mTORC2.
[61] Thus, older literature broadly uses the term mTOR inhibitors (MTIs) to describe rapalogs, and the term rapalogs was coined to distinguish this class of agents from other mTOR kinase inhibitors. In newer nomenclature, MTIs include all agents that can target mTOR regardless of mechanism or class. Confounding the issue further, while rapalogs were originally, and often, reported to have no activity against mTORC2, in certain cell types with prolonged treatment rapalogs can inhibit the assembly of the mTORC2 complex. [62, 63] Sirolimus has variable bioavailability and poor aqueous solubility, requiring therapeutic drug monitoring. To overcome these issues, a number of second-generation rapalogs were developed, including everolimus, temsirolimus, and ridaforolimus (formerly known as deforolimus). Sirolimus and everolimus are given enterally, and temsirolimus is given intravenously. Ridaforolimus is available in an oral and intravenous preparation.
[64,65] The rapalogs have been studied in a large variety of malignant and non-malignant diseases. It is beyond the scope of this manuscript to give even a cursory overview of all the clinical trials; however, a detailed description of preclinical and clinical data supporting their use in pediatric hematologic malignancies are discussed in the disease-specific sections (see section 4).
The rapalogs are generally well tolerated. The most common side effects include stomatitis and hyperlipidemia. Often the stomatitis is the most severe during the initial months of therapy. It is usually low grade, not requiring the discontinuation of the agent. When rapalogs are used in combination with cytotoxic chemotherapy, the stomatitis can be more severe and dose limiting. Hyperlipidemia may require treatment with a statin or other agent; hyperlipidemia occurs more commonly, and more often requires treatment, in adults. Other more common side effects include skin reactions, diarrhea, fatigue, and thrombocytopenia. Even though sirolimus can cause mild thrombocytopenia, it is active against immune-mediated thrombocytopenia and is under clinical investigation for this indication. [66, 67] Rarer side effects include peripheral edema, interstitial pneumonitis, and renal insufficiency. Edema and pneumonitis b Granted orphan drug status in the EU. eIF4F = eukaryotic translation initiation factor 4F; ATM = ataxia-telangiectasia mutated; CK2 = casein kinas II; DNA-PK = DNA-dependent protein kinase; mTOR = mammalian target of rapamycin; p70S6K = p70 ribosomal S6 kinase; PAK6 = p21-activated kinase 6; PDK-1 = phosphoinositide-dependent protein kinase 1; PI3K = phosphatidylinositiol 3-kinase; PIM1 = protocol-oncogene serine threonine protein kinase PIM-1; PKC = protein kinase C; PLK1 = protein-like kinase 1; PrkX = protein kinase, X-linked.
are more common in adults and with combination regimens. With single agent therapy, the risk of opportunistic infection is extremely low; however, there is a higher risk when used in combination with other immunosuppressant drugs. [68, 69] Longterm use of any immune suppressant carries the theoretical risk of developing secondary malignancies from decreased cancer immune surveillance. Despite this concern, clinical studies have shown a reduced incidence of new cancers in patients given rapalogs after organ transplant compared with patients treated with other agents, supporting the antineoplastic properties of this compound. [70] Most of the postmarketing side effect data from rapalog use has come from patients treated with sirolimus after solid organ or hematopoietic stem cell transplant (HSCT). In these settings, rapalogs are typically given with calcineurin inhibitors. In combination with calcineurin inhibitors, rapalogs significantly increase the risk of microangiopathy and veno-occlusive disease; however, these side effects have not been reported when rapalogs are used without calcineurin inhibitors. All rapalogs can delay wound and vascular healing. Accordingly, these effects may occur because the calcineurin inhibitors cause vascular damage and the rapalogs prevent healing, exacerbating the problem. [71, 72] 
mTOR Kinase Inhibitors (mTORC1 2 Inhibitors)
A large number of small molecule mTOR kinase inhibitors are under development, including PP242, INK128, AZD8055, and OSI-027. [72, 73] Unlike rapalogs, the mTOR kinase inhibitors are active against both mTORC1 and 2. These agents are ATP-competitive inhibitors of the kinase active sites of both mTORC1 and 2. Long-term exposure to mTORC1-specific inhibitors can lead to a compensatory increase of AKT that can, in theory, promote drug resistance and or activate other AKT-regulated pathways. [74] PI3K and mTORC2 are both upstream of AKT. Targeting multiple intermediates along the PI3K AKT mTOR axis may overcome this potential problem. [75] [76] [77] Most of the small molecule inhibitors that target mTORC1 2 also target other proteins in the PI3K AKT mTOR signaling pathway, including PI3K, and are discussed in section 4.3. As with many kinase inhibitors, these agents can also affect other kinase pathways at higher concentrations, but the half maximal inhibitory concentration (IC50) values for mTOR kinase for many of these drugs, including PP242, are nearly 100-fold lower than their affinity for other kinases. [78] PP242 is the prototypical mTORC1 2 kinase inhibitor and is the most studied in preclinical models, demonstrating activity against a number of malignancies, including multiple myeloma and lymphoblastic leukemia. [79, 80] PP242 has only been investigated in preclinical models; however, INK128, AZD8055, and OSI-027 are currently being evaluated in early-phase clinical trials. [81] 
PI3K Inhibitors
A number of agents that target PI3K are under development although space does not permit discussing all of the agents in detail (table I) . [72, 73] The majority of these agents also target mTOR. [73] There are three agents that specifically target PI3K and have entered clinical trials: BKM120, SAR245408, and GS-1101. BKM120 is a PI3K catalytic subunit inhibitor. [82] It has been investigated in early-phase trials in adults with advanced solid tumors, demonstrating efficacy in breast tumors with KRAS or PIK3CA mutations. [83] The agent was well tolerated and toxicities included hyperglycemia, mucositis, rash, and mood alterations. SAR245408 is an ATP-competitive reversible PI3K inhibitor. [84, 85] It has been studied as a single agent in adults with advanced malignancies, in combination with erolitinib in adults with advanced solid tumors, and in combination with paclitaxel and carboplatin in adults with advanced solid tumors. [86] [87] [88] Side effects included rash, nausea, vomiting, allergic reactions, and diarrhea. All the PI3K inhibitors in clinical trials, except GS-1101, target p110a. GS-1101 targets p110d, and as p110d is restricted to leukocytes, the focus of this agent is hematologic malignancies. [89, 90] GS-1101 was well tolerated and demonstrated activity in chronic lymphocytic leukemia and non-Hodgkin's lymphoma in phase I trials. [91, 92] The most studied PI3K inhibitors in preclinical models are wortmannin and LY294002. Both agents are potent PI3K inhibitors, targeting PI3K, PI4K, and mTOR. LY294002 also targets the serine threonine protein kinase (PIM1), protein-like kinase 1 (PLK1), casein kinas II (CK2), and ataxia-telangiectasia mutated (ATM). [73] Neither are under clinical development as both have extremely poor bioavailability. [73] To overcome this issue, similar compounds have been developed. PX-866 is a potent wortmannin derivative that is currently being studied in early-phase trials in adults with solid tumors, with promising results and limited toxicity. [93] SF1126 is a prodrug of LY294002 that has been investigated in a phase I trial in adults with solid tumors and B-cell malignancies. [94] The drug was well tolerated and demonstrated activity in patients with chronic lymphocytic leukemia, gastrointestinal stromal tumor, and renal cell carcinoma. The only grade 3 or higher toxicity was diarrhea.
A large number of additional dual PI3k-mTOR inhibitors, including SAR245409, pictrelisib, GDC-0980, PF-4691502, BGT226, GSK2126458, and ZSTK474 are in early-phase clinical trials as single agents or in combination with cytotoxic drugs.
[64] One agent that warrants special mention is BEZ235 as it is being investigated extensively in preclinical models of pediatric leukemias. [95] [96] [97] It is currently in early-phase trials in adults with solid tumors. BEZ235 inhibits PI3K, mTORC1, and mTORC2. [98] Early data demonstrate it is well tolerated. Nausea, diarrhea, and vomiting are the only common toxicities, and the dose-limiting toxicities are fatigue and thrombocytopenia. [99] 
AKT Inhibitors
A number of AKT inhibitors are in preclinical development and early-phase clinic trials (table I) . [72, 73] AKT inhibitors primarily fall into two groups -alkyl-lysophospholipids (APLs) and small molecule inhibitors. APLs are a class of structurally related compounds that act on cellular membranes in actively dividing cells. They induce apoptosis by accumulating in lipid rafts, recruiting Fas family members, and blocking AKT translocation to the cell membrane, which is required for activation. [100, 101] The first APL to undergo investigation was miltefosine, an agent used to treat visceral leishmaniasis. [102] Unfortunately, the dose required to inactivate AKT was too toxic. Perifosine is an APL that is currently being investigated in early-phase clinical trials in advanced solid tumors, breast cancer, melanoma, head and neck carcinoma, Waldstrom's macroglobulinemia, multiple myeloma, and a number of leukemias and lymphomas. [103] [104] [105] Unlike miltefosine, perifosine can block AKT activation at a tolerable dose. Perifosine is generally well tolerated with toxicities, including cytopenias, arthritis, fatigue, and diarrhea. [103] A number of AKT small molecule inhibitors are in preclinical development and a few are in clinical trials, including triciribine (tricyclic nucleoside phosphate), MK-2206, and GSK2141795. Triciribine has been tested in clinical trials for the longest period of time as the first phase I published trial results were in 1983.
[106] At that time it was not known that the drug inhibited AKT, and it was hypothesized to be a nonspecific DNA synthesis inhibitor. [107] In early clinical trials, triciribine was found to have a number of significant side effects, including electrolyte abnormalities (hyperglycemia and hypercalcemia) and hepatotoxicity, limiting its use.
[106] Recently, early-phase trials have resumed investigating the agent, specifically in tumors with activated AKT. [108] MK-2206 is an allosteric AKT inhibitor with activity against all three AKT isoforms. Unlike triciribine, it is an oral medication. MK-2206 is currently being investigated in a large number of clinical trials as a single agent and in combination. [73] Early study findings suggest it is tolerable with side effects including rash, fatigue, and hyperglycemia. [109] GSK2141795 is a potent oral AKT inhibitor with activity against all three isoforms. The agent appears to be tolerable with side effects including hyper-and hypoglycemia, rash, fatigue, diarrhea, and nausea. [110] 3.5 Other Agents that Target the PI3K AKT mTOR Pathway A number of additional compounds are in development that can target other proteins in the PI3K AKT mTOR pathway. These include a number of compounds in preclinical development, such as 4EGI-1 (eIF4F inhibitor) and UCN-01, GSK2334470, and AR12 (PDK-1 inhibitors) . [111] [112] [113] [114] Ribavirin is a small molecule inhibitor that has been used primarily for its anti-viral properties in immunocompromised individuals. It can suppress eIF4E by inhibiting its binding to 5 0 methyl-7 GTP-capped messenger RNA. [115, 116] Based on its activity against eIF4E, it has been studied in a number of hematologic malignancies (discussed in section 4). Finally, as a number of extrinsic pathways can regulate PI3K AKT mTOR, drugs targeting alternative pathways are being used in part to downregulate the PI3K AKT mTOR pathway. These include drugs that target Notch, MAP kinase interacting kinase (MNK), the tyrosine kinase Syk, and aurora kinase. [117] [118] [119] [120] 4. Targeting PI3K AKT mTOR in Pediatric Hematologic Malignancies
Acute Lymphoblastic Leukemia
ALL is the most common pediatric malignancy. The development and use of novel therapeutics to treat ALL is one of the great success stories of modern medicine as pediatric ALL was the first malignancy to be treated successfully and eventually cured with chemotherapy. Currently, patients are treated with 2-3 years of rotating blocks of therapy, utilizing ten or more different drugs. The key to improving outcome in these populations will most likely require the inclusion of novel targeted therapies.
ALL is a lymphoid malignancy resulting from transforming events in early B-and T-cell precursors. Recently, using modern genomic techniques, a number of potentially targetable genetic alterations have been identified in a wide variety of signaling pathways, including Jak Stat, Ras Raf Mek Erk, TP53 RB, and the PI3K AKT mTOR pathway. [121] [122] [123] [124] While novel agents targeting these pathways are unlikely to cure ALL individually, the addition of targeted agents to multi-agent cytotoxic backbones has the potential to significantly improve cure rates, as evidenced by markedly improved survival in Ph+ ALL patients when the BCR-ABL kinase inhibitor imatinib was added to a multi-agent chemotherapy backbone. [1] The PI3K AKT mTOR pathway can be dysregulated in ALL patients by a number of mechanisms. Activation of the PI3K AKT mTOR pathway is a common event in precursor T-ALL. Most commonly, this is through inactivation of PTEN, resulting in activation of AKT. [125, 126] PTEN inactivation can occur as a consequence of mutations or deletions in the PTEN gene, or as a consequence of defects in other signaling pathways that can lead to decreased transcription or post-translational modification of PTEN. [127] The PI3K AKT mTOR pathway can also be activated directly in T-ALL by mutations in AKT1, PIK3CA, and PIK3R1, and indirectly through mutations in RAS and Notch family members. [126, 128] In Ph+ pre-B-cell ALL (B-ALL), the PI3K AKT mTOR pathway is activated directly by BCR-ABL. [129] Recently, genetic rearrangements in cytokine receptor-like factor 2 (CRLF2) have been identified in high-risk subsets of pre-B-ALL, affecting up to 10% of patients, and genetic rearrangements in interleukin (IL)-7 receptor a (IL7R) have been identified in pre-B-and pre-T-ALL. [123, 130] IL7R heterodimerizes with CRLF2 to form the receptor for thymic stromalderived lymphoietin (TSLP), a protein that our group had previously demonstrated can stimulate proliferation of pre-B-ALL cells and activate signaling through PI3K AKT mTOR. [131] Our group hypothesized that targeting mTOR may be effective in ALL before it was established that the pathway was dysregulated in ALL. [132] Our hypothesis was based on the activity of mTOR inhibitors against normal lymphocytes and the knowledge that PI3K AKT mTOR signaling was activated in a number of other malignancies. We demonstrated that sirolimus could inhibit growth and induce cell death in ALL cell lines and improve survival in an Eu-RET [133] transgenic mouse model of leukemia lymphoma. [132] Since that initial report, the activity of a number of rapalogs, including everolimus, sirolimus, and temsirolimus have been extensively studied in ALL in preclinical models by our group and others, establishing activity not only in cell lines and transgenic mouse models, but also against primary human ALL samples supported in vitro with stromal cells and in vivo with immunodeficient mouse strains. [131, 132, [134] [135] [136] [137] [138] [139] [140] Our work and the work of others suggest that rapalogs may have the highest degree of activity against ALL types with the worst prognosis, including pre-T, adult, BCR-ABL and Ikaros mutant.
[29, 135, 141, 142] Supporting this are recent data demonstrating that early engraftment of pre-B-ALL in immune-deficient mice is associated with the activation of the mTOR pathway and a very high risk of relapse. [143] Experience with chemotherapy for decades, as well as more recent experience with targeted therapies demonstrates that no single agent is likely to be curative. Thus, it is important to study new agents in combination with conventional drugs used to treat ALL. The goal should be to select rationally designed combinations based on the mechanism(s) of action of the new agent and the standard agents. Rapalogs have been studied extensively with conventional agents in preclinical models of ALL. Our group, and others, have demonstrated that rapalogs have an additive or synergistic effect when combined with many agents in vitro, including methotrexate, corticosteroids, doxorubicin, etoposide, and asparaginase. [136, [144] [145] [146] An added benefit was not found when rapalogs were combined with vincristine in vitro; however, the combination was found to be more effective than either drug alone in vivo. [136, 139, 146] Rapalogs have been studied in vivo in combination with methotrexate and corticosteroids. The combination of the rapalog temsirolimus with methotrexate was found to have a profound effect against xenografted pre-B-ALL, curing some animals. [136] One mechanism of ALL blast resistance to methotrexate is over-expression of dihydrofolate reductase (DHFR). We demonstrated rapalogs can decrease DHFR in ALL as a consequence of downregulation of cyclin D1. Thus, rapalogs may be useful in overcoming methotrexate resistance in ALL. Similarly, rapalogs have been shown to reverse glucocorticoid resistance in ALL through downregulation of MCL-1. [145] As corticosteroid resistance is common in relapsed ALL, and corticosteroids are one of the most active and important classes of agents used to treat ALL, the ability to restore corticosteroid sensitivity is promising. Rapalogs are being investigated in combination with other novel therapeutics in ALL with the goal of inhibiting multiple activated signaling pathways. Encouraging results have been found in preclinical studies combining rapalogs with inhibitors of Notch signaling, Jak stat and the proteasome. [141, 147, 148] Based on the large amount of preclinical data supporting their use, rapalogs are being investigated in clinical trials in patients with ALL. Two adult patients with ALL have been treated in early-phase trials using single-agent rapalogs. Both of these patients were enrolled in studies open to patients with relapsed or refractory malignancies, and both patients tolerated therapy but did not have an objective response. [149, 150] Recently, we completed a single-institution phase I trial of sirolimus in children with relapsed and or refractory ALL. An interim report of the study demonstrated stable disease in three of seven patients. [151] Based on our preclinical work, we have opened a single institution study of sirolimus in combination with methotrexate in relapsed pediatric ALL (NCT01162551). Recently, a pilot trial of sirolimus and glucocorticoids given for 5 days as an investigational window prior to multi-agent therapy for relapsed ALL was completed at the Dana Farber Cancer Institute (Boston, MA, USA). The goals of the study were to determine if the combination could be given safely and whether sirolimus would downregulate MCL-1. A corticosteroid-only control arm window was used as a comparison. An early report of the trial suggested the combination is tolerated and that MCL-1 is downregulated in ALL blasts in the sirolimus arm in most patients. One patient had reduction in peripheral blasts during the 5-day window, with an increase in blasts after sirolimus was discontinued. [152] Based on these results, the Dana Farber Cancer Institute is opening a multiagent re-induction protocol, including a rapalog. Ongoing and opening clinical trials include a pilot study of sirolimus and pegaspargase at Emory Children's Hospital (Atlanta, GA, USA) [NCT00957320] and a multi-institutional phase I trial through the Children's Oncology Group (COG; ADVL1114), adding temsirolimus to an intensive re-induction backbone. Finally, as sirolimus can also be used for graft-versus-host disease (GVHD) prophylaxis, a large multi-institutional COGinitiated clinical trial (ASCT0431) was opened to test the hypothesis that post-HSCT sirolimus could be used to prevent GVHD and treat ALL, improving survival. This trial was recently suspended after an interim futility analysis suggested that the trial would not meet its event-free survival goal.
While the majority of studies thus far in pediatric ALL have focused on rapalogs, more recent preclinical studies have investigated other drugs that target the PI3K AKT mTOR pathway. Preliminary data by our group suggest targeting eIF4E with ribavirin may be active against ALL. [153] As mentioned, the most common means of abnormally activating the pathway is through AKT. mTORC1 is downstream of AKT, and as rapalogs are the agents furthest in clinical development, the initial focus on rapalogs to treat ALL was logical and prudent. Nevertheless, AKT activates pathways other than mTORC1 and long-term treatment with a rapalog may lead to feedback activation of AKT. Thus, in theory, for some ALL subsets (especially pre-T-ALL), a more ideal approach would be either to target AKT directly, or to target proteins up-and downstream of AKT. This could be accomplished with either an mTORC1 2 inhibitor or an agent that targets PI3K and mTORC1.
The PI3K inhibitors wortmannin and LY294002 have pre-clinical activity against both pre-T-and pre-B-ALL comparable to rapalogs.
[29, 154, 155] Dual inhibition of PI3K and mTORC1, however, using either a PI3K inhibitor with a rapalog or an agent that targets both (e.g. PI-103) is superior to PI3K inhibitors or rapalogs alone in preclinical models. [29, 154] Furthermore, the dual mTORC1 2 inhibitors PP242 and OSI-027 are very active in vitro against pre-clinical models of pre-T-ALL (cell lines and primary cells) and are superior to rapalogs as these agents successfully inactivate AKT and mTOR. [156] BEZ235, an inhibitor of mTORC1 2 and PI3K, was also shown to be very active against pre-T-ALL in vitro, inactivating both AKT and mTOR. [95] Preliminary studies demonstrate similar results with BEZ235 in pre-B-ALL in vitro and in vivo. [96, 97] PP242, OSI-027, and BEZ235 were combined with conventional cytotoxics in these studies, demonstrating in vitro synergy with a number of agents, including vincristine, doxorubicin, dexamethasone, cytarabine, and cyclophosphamide. The AKT inhibitor GSK690693 was found to have significant activity against both pre-B-and pre-T-ALL in vitro; however, it had limited activity when tested in vivo, emphasizing the importance of murine studies for all of these agents. [157, 158] 
Acute and Chronic Myelogenous Leukemia
AML is a clonal disorder of early myeloid lineages. Very intensive multi-agent chemotherapy strategies and HSCT have improved survival in childhood AML; however, approximately 40% of patients are incurable and children with very high-risk features, including monosomy 7 and high FLT3-ITD (internal tandem duplicated), have very poor prognosis.
The PI3K AKT mTOR pathway is abnormally activated in 50-80% of AML cases, most commonly as constitutive activation of AKT. [159, 160] The upregulation of the PI3K AKT mTOR pathway can occur as a consequence of activating mutations in the FLT3 receptor, c-KIT receptor, NRAS, or KRAS.
[ [35] [36] [37] In addition, upregulation can occur through abnormal autocrine paracrine secretion of IGF-1 or vascular endothelial growth factor (VEGF), overexpression of PI3Kp100b, PI3Kp100d or PDK1, or underexpression of protein phosphatase 2 (PP2A). [161] [162] [163] [164] [165] [166] [167] [168] Unlike T-ALL, PTEN inactivation in AML is a very rare mechanism of AKT activation. [159, 160] As with ALL, rapalogs were the first agents to be studied in AML. Rapalogs have demonstrated modest activity in preclinical studies against AML; however, single-agent, early-phase trials in adults did not find activity. [149, 150, 169, 170] Preclinical studies combining rapalogs with cytotoxics and targeted agents, including etoposide, doxorubicin, cytarabine, histone deacetylase inhibitors, and glycolytic inhibitors, are more promising, often showing pronounced combined effects. [171] [172] [173] [174] [175] [176] Based on these results, combination therapy trials are ongoing in adults, and it is anticipated that studies will begin in children if the adult data are promising. Recently, a phase I study of sirolimus and mitoxantrone, etoposide, cytarabine (MEC) chemotherapy was completed at the University of Pennsylvania School of Medicine. [177] Twenty-nine subjects were treated, and the combination was tolerable and somewhat active, with a complete response (CR) plus partial response (PR) rate of 22%. Of note, five subjects had blasts evaluated to determine if sirolimus was downregulating mTOR, and only one subject's blasts showed definitive inhibition. Preliminary results from a phase Ib trial combining everolimus and low-dose cytarabine in previously untreated elderly patients were promising, demonstrating improved median overall survival in poor risk subjects treated with the combination compared with low-dose cytarabine alone (175 vs 44 days). [178] Similarly, early results of a phase Ib II trial combining everolimus with azacitidine in relapsed or refractory AML demonstrated considerable activity, with an overall response rate (ORR) of 36% in subjects with refractory or relapsed AML. [179] The focus in AML is shifting to investigating other agents that target the PI3K AKT mTOR pathway. Direct targeting of PI3K with wortmannin and LY294002 have shown strong cytotoxic effects in preclinical AML models.
[37, 180, 181] Because eIF4E is upregulated in 30% of AML patients with the FrenchAmerican-British (FAB) classification subtype M4 M5, ribavirin, an eIF4E inhibitor, was studied in preclinical models and in a pilot study. [116, 182] It was found to be active against M4 M5 AML in vitro and in patients as 5 of 11 subjects had objective responses (one CR, two PRs, and two blast reductions). Because constitutive activation of AKT is the most common pathway abnormality in AML, dual PI3K mTOR inhibitors (PI-103, BEZ235), mTORC1 2 inhibitors (OSI-027, PP242), and AKT inhibitors (perifosine) have been investigated in preclinical models and, at least in vitro, appear to be more effective than rapalogs. [183] [184] [185] [186] [187] Based on these results, early-phase clinical trials are ongoing in adults.
CML is a myeloproliferative disorder characterized by clonal myeloid cells with an abnormal fusion protein, BCR-ABL, that has tyrosine kinase activity. Until recently, the only curative therapy was HSCT; however, the disease is now treated and often potentially cured with BCR-ABL-targeting tyrosine kinase inhibitors (TKIs), including imatinib, nilotinib, and dasatinib. The successful treatment of CML with these TKIs presents the single strongest clinical example of the power of targeted therapy, but it may also represent a unique response in a unique disease. CML can present in chronic phase, accelerated phase, or blast crisis. Accelerated phase and blast crisis have significantly poorer prognosis, are very rare in childhood, and often need more aggressive therapy. The majority of children in chronic phase will respond to first-(imatinib) or secondline (nilotinib or dasatinib) TKIs; however, some patients have innate resistance and others develop TKI resistance with time. New agents are needed for patients with resistant disease and for those who present in accelerated phase and or blast crisis. The PI3K AKT mTOR pathway is upregulated in CML (and Ph+ ALL) because BCR-ABL activates S6 and 4E-BP1 through mTOR. [188] Rapalogs are active in preclinical models against both TKI-naı¨ve and -resistant CML, including blasts with the very resistant T315I mutation. [189] [190] [191] [192] In addition, rapalogs are synergistic against CML blasts when combined with TKIs. [189] [190] [191] Based on the preclinical results, clinical trials investigating the activity of rapalogs are underway in both resistant CML and Ph+ ALL. Preliminary results from early-stage trials are encouraging, demonstrating measurable responses in most subjects. [191] 
Lymphomas
A large number of groups have investigated the PI3K AKT mTOR pathway in lymphomas and lymphoproliferative disorders. Most of the focus has been dedicated toward two adult lymphoma types, mantle cell lymphoma and follicular lymphoma. As neither of these lymphomas present in childhood, except for a few case reports of follicular lymphoma, the role of PI3K AKT mTOR signaling and the activity of inhibitors in these diseases will not be discussed; however, it can be found in other reviews. [60, 65, 193] The PI3K AKT mTOR pathway may be dysregulated in three lymphoma types that present in childhood: Hodgkin lymphoma, diffuse large B-cell lymphoma (DLBCL), and ALK-positive anaplastic large-cell lymphoma (ALCL).
DLBCL is the most common lymphoma in adults and one of the more common types found in children. Unlike adults where prognosis is mixed, the majority of children have disease that is curable with aggressive chemotherapy. Nevertheless, in approximately 20-30% of children, disease is not curable with current treatment regimens and novel therapies are needed. A recent study identified genetic amplification of RBS6KB1, resulting in abnormal activation of S6K1 in over 90% of DLBCL tumors. [194, 195] These tumors were all from adults and future studies will need to determine if over-expression of this intermediate is also present in pediatric DLBCL. Based on this work, rapalogs have been studied in preclinical models of DLBCL, finding considerable activity as a single agent and synergy with histone deacetylase inhibitors and rituximab. [194] [195] [196] These results have been validated in early-stage clinical trials in adults, finding single-agent ORR of 28-30%, using everolimus or temsirolimus. [197, 198] Hodgkin's disease is a highly curable tumor in children; however, more aggressive or relapsed Hodgkin's disease can be difficult to treat. Preclinical studies have demonstrated that AKT is often constitutively activated in Hodgkin's disease cell lines; however, no studies have confirmed or refuted this finding in primary tumors. [199] Preclinical studies of inhibitors of the PI3K AKT mTOR signaling pathway have been mixed, as neither sirolimus nor LY294002 demonstrated in vitro activity; however, everolimus demonstrated significant activity in a Hodgkin's disease xenograft model. [199, 200] Clinical trials using rapalogs are ongoing in adults and early results are encouraging. Everolimus was found to have modest single-agent activity in one series of 19 adult patients with refractory Hodgkin's disease. [201] The ORR was 47%, with eight PRs and one CR. ALK-positive ALCL is a rare lymphoma that can occasionally present in childhood. The PI3K AKT mTOR signaling pathway is often dysregulated in ALCL, most frequently as a consequence of constitutive activation of AKT. Targeting mTOR with rapalogs was found to be effective in preclinical models. [200, 202] A complete response in an adult with refractory cutaneous ALCL was recently reported. [203] This patient was treated outside the context of a clinical trial; however, earlyphase clinical trials are currently ongoing.
Lymphoproliferative Disorders
In addition to lymphomas, we, and others, have studied the PI3K AKT mTOR signaling pathway in pediatric lymphoproliferative disorders. Two of these disorders, viral-associated lymphoproliferative disorders (viral-LPDs) and autoimmune lymphoproliferative syndrome (ALPS) warrant mention. ViralLPDs are characterized by abnormal B-cell proliferation, because of a poor cytotoxic T-cell response to viral insult in the setting of immune compromise. The vast majority of these LPDs occur as a consequence of Epstein-Barr virus (EBV) infection after solid organ transplant or HSCT, and are appropriately named post-transplant lymphoproliferative disorders (PTLDs). [204, 205] Children can also develop viral-LPDs with inherited immune deficiencies, including, but not limited to, ataxia telangiectasia, Wiscott-Aldrich syndrome, severe combined immune deficiency, and common variable immunodeficiency. [206, 207] PTLDs and other viral-LPDs have the potential for malignant transformation and can be life threatening. Treatment of PTLD often includes the reduction, withdrawal, or alteration of immunosuppressant therapy. This approach may not be feasible in some cases because of potential allograft rejection after solid organ transplant or risk for development or worsening of GVHD after HSCT. In addition, antiviral agents, anti-B-cell monoclonal antibodies (rituximab), adoptive immunotherapy with EBV-specific cytotoxic T cells, and systemic chemotherapy may be used. [204, 205] Constitutive activation of mTOR signaling is common in PTLD and preclinical studies have demonstrated rapalogs are active against PTLD. [208, 209] Based on these data, a number of investigators have proposed transitioning immune suppression to a rapalog. This approach has been recently shown to improve PTLD in many cases, occasionally inducing a complete remission. [210] [211] [212] [213] ALPS is a disorder of abnormal lymphocyte survival caused by defective Fas-mediated apoptosis. [135, 214, 215] Children with ALPS often present with lymphoproliferation (massive lymphadenopathy and or splenomegaly) and autoimmune disease (most commonly autoimmune cytopenias). ALPS is considered a pre-malignant condition as approximately 10% of patients develop cancer. ALPS is diagnosed by a combination of clinical findings and laboratory abnormalities, including elevation of an atypical T-cell population in peripheral blood termed double negative T-cells (DNTs; cell phenotype CD3+, CD4-, CD8-, T-cell receptor [TCR] a b+), biomarkers (elevated plasma IL-10, IL-18, vitamin B 12 , or soluble-FasL, as well as polyclonal hypergammaglobulinemia), mutations in ALPS causative genes (FAS, FASL, CASP10), and in vitro evidence of defective Fas-mediated apoptosis. [216] Many patients with ALPS require treatment, most commonly because of autoimmune cytopenias. Some patients only require corticosteroid bursts with disease flares; however, other patients require daily treatment. ALPS patients are often treated with non-specific long term immune suppression. The most studied agent is mycophenolate mofetil, [217] which improves autoimmune disease in many patients and is often used as first-line treatment; however, some patients have partial responses, some relapse, and mycophenolate mofetil has little to no activity against lymphoproliferation.
We hypothesized that the PI3K AKT mTOR signaling pathway may be dysregulated and that targeting the pathway would be effective in ALPS. We studied the activity of sirolimus in a mouse model of ALPS, finding marked disease improvement, superior to other therapies including mycophenolate mofetil. [218] We subsequently opened a clinical trial that continues to enroll (NCT00392951). [66, 219] Our initial experience is that sirolimus is uniquely active in these patients, and we have published early results of the trial, finding complete responses in the majority of treated patients.
[66] Disease often rapidly resolved as many patients had a complete response within the first month. The majority of patients had failed other treatments, including mycophenolate mofetil, and were often previously treated with multiple agents to maintain stable disease. Patients had resolution of both autoimmune disease and lymphoproliferation, as well as elimination of the abnormal DNTs with sirolimus. These results have been confirmed in other patients by other groups. [220, 221] Based on the promising results from this trial we broadened the inclusion criteria to include children with other autoimmune cytopenia syndromes and are currently broadening it to include other lymphoproliferative disorders.
Conclusions
Considerable data suggest the PI3K AKT mTOR signaling pathway is often dysregulated in a number of hematologic malignancies and lymphoproliferative disorders. Promising preclinical data and early clinical trial results demonstrate targeting this pathway may be effective in many of these diseases. A number of drugs that target individual and multiple protein kinases in the pathway are in preclinical and clinical development, and we believe that targeting the pathway at multiple nodes may present the most effective approach. Most of these agents are well tolerated. An important future step is to improve the understanding of the biology underlying the pathway dysregulation in these conditions in order to select the best agent(s) to use in a given disease. Also, as most hematologic malignancies require a multi-agent approach to treatment, developing the most effective combinations of PI3K AKT mTOR inhibitors and conventional cytotoxic agents is very important. As children are not little adults, it is important that preclinical studies test pathway inhibitors in models relevant to childhood malignancies and that well designed clinical trials are performed in children. 
